Neutron stars with near-Eddington observable luminosities were shown to harbor levitating atmospheres, suspended above their surface. We report a new method to simultaneously measure the mass and radius of a neutron star based on oscillations of such atmospheres. In this paper, we present an analytic derivation of a family of relativistic, oscillatory, spherically symmetric eigenmodes of the optically and geometrically thin levitating atmospheres, including the damping effects induced by the radiation drag. We discover characteristic maxima in the frequencies of the damped oscillations and show that using the frequency maxima, one can estimate mass and radius of the neutron star, given the observed frequency and the corresponding luminosity of the star during the X-ray burst. Thus, our model provides a new way to probe the stellar parameters. We also show that the ratio of any two undamped eigenfrequencies depends only on the adiabatic index of the atmosphere, while for the damped eigenfrequencies, this ratio varies with the luminosity. The damping coefficient is independent of the mode number of the oscillations. Signatures of these atmospheres' dynamics will be reflected in the source's X-ray lightcurves.
INTRODUCTION
Neutron stars are the most compact non-singular objects observed in the Universe. The theoretical densities of these objects range from about 10 4 g cm −3 at the surface (Chamel & Haensel 2008 ) to above nuclear density of around 10 14 g cm −3 in the core (Rhoades & Ruffini 1974) . The physics governing the equation of state at such large densities becomes uncertain, and a wide range of equations of state have been proposed, each producing different mass-radius relations, M(R), for neutron stars (Arnett & Bowers 1977; Cooperstein 1988; Cook et al. 1994; Lattimer 2012) . Accurate measurements of both the mass and radius of neutron stars are necessary for constraining the equation of state, and thus the physics of highly dense material. Precise measurements of the mass are possible for pulsars in stars in binary systems (Hulse & Taylor 1975; Özel & Freire 2016) . Measurements of radius are more difficult. Most methods involve X-ray spectroscopy E-mail: deepika@camk.edu.pl † E-mail: maciek.wielgus@gmail.com ‡ E-mail: dabarca@camk.edu.pl § E-mail: wlodek@camk.edu.pl for example during thermonuclear bursts (Ebisuzaki 1987; Damen et al. 1990; Nättilä et al. 2016) or in the quiescent state of low mass X-ray binaries (Brown et al. 1998; Marino et al. 2018 ).
Simultaneous measurements of both the mass and the radius have not been possible using current methods, or at least not accurately in enough systems to effectively measure the equation of state, although constraints have been imposed. Radius measurements depend on relativistic effects, introducing a further degeneracy in mass radius measurements that in some cases may be broken (Özel 2006) . We have found a possible method in the timing properties of accreting neutron stars at near-Eddington luminosities.
Super-Eddington luminous neutron stars are observed in various astrophysical phenomena and it is understood that such high luminosities are powered by the accretion of matter onto the stellar surface or surface nuclear burning. Recent studies have reported highly luminous neutron stars to be such accretors in pulsing ultraluminous X-ray sources NGC 7793 P13, NGC 5907, NuSTAR J09551+6940.8, NGC 300 ULX1 (Bachetti et al. 2014; Israel et al. 2017a,b; Carpano et al. 2018) , while super-Eddington accretion is long known to occur during the outbursts in a few transient X-ray binaries e.g., A0538-66, SMC X-1 and GRO J1744-28 (Skinner et al. 1982; Sazonov et al. 1997; Coe et al. 1981) , and during the X-ray bursts.
Type-I X-ray bursts, are powered by thermonuclear burning of accreted material, during which neutron stars often reach Eddington luminosities (Lewin et al. 1984 (Lewin et al. , 1993 Tawara et al. 1984) . Spectral-timing analysis of these X-ray bursts shows periodic intensity variations which are termed as burst oscillations (Strohmayer & Bildsten 2006) . Such oscillations have been observed to occur during the rise, peak and/or decay phases of the X-ray bursts with typical frequency ranges within 245 -620 Hz (Strohmayer et al. 1996; Watts 2012) . Burst oscillations during the rise phase are mostly attributed to the rotational modulation of the hot spot propagation on the stellar surface. Observations of burst oscillations from nuclear powered pulsars that emit persistent accretion-powered pulsations have shown that the bursts oscillation is correlated with the spin of the neutron star (e.g. SAX J108.4-3658 (Chakrabarty et al. 2003 ) and 4U 1636-53 (Strohmayer & Markwardt 2002) ). However, the origin of burst oscillations that occur during the decay phase of the X-ray bursts is not yet well understood.
Here we explore another possibility of understanding these frequencies along with a new method to measure the mass-radius relation of accreting neutron stars in context of the radial oscillations of "levitating atmospheres".
For stars with Eddington luminosities, radiation pressure becomes quite significant close to the stellar surface and thus has a strong influence on the dynamics of the ambient material. There is an effect unique to general relativity when examining the forces on the fluid outside a highly luminous star. If we take the fluid to be optically thin, then there exists exactly one radius, r 0 , where the gravitational acceleration is balanced by the radiative force of the star (Abramowicz et al. 1990 ) forming an effective potential well centered at r 0 . It has also been shown that fluid orbiting a highly luminous star can have its angular momentum removed by the radiation field causing it to come to rest around this special radius (Bini et al. 2009; Sok Oh et al. 2011; Stahl et al. 2012) deemed the "Eddington capture sphere" Stahl et al. 2013) . The fluid that collects around r 0 can form a stable, levitating atmosphere (Wielgus et al. 2015) , which is completely supported by the radiation pressure, and not in contact with the star at all.
It has been proposed that oscillations of the these radiation supported atmospheres could be good candidates to explain the oscillation frequencies observed during Type I Xray bursts. Abarca & Kluźniak (2016) examined the lowest order, incompressible, radial mode of such atmospheres, and found it to be overdamped by radiation drag. However the undamped, natural angular frequency of such an oscillation as measured by a distant observer is given by,
where λ = L ∞ /L Edd is the ratio of the luminosity observed at infinity to the Eddington luminosity and M is the mass of the neutron star. For typical values of a near-Eddington neutron star, this puts the natural frequency right around 600 Hz. Encouraged by the possibility of higher order modes, Bollimpalli & Kluźniak (2017) , performed a full analysis in a Newtonian framework without radiation drag, finding a family of eigenmodes with promising eigenfrequencies. What remains to be done is a similar analysis in a general relativistic framework with a proper treatment of radiation drag, in quest for underdamped oscillations. In this paper, we perform such an analysis. We present a family of relativistic eigenmodes and eigenfrequencies of the radial oscillations. Damping of oscillations owing to radiation drag effect is investigated and an analytical expression for the damping coefficient is found. We demonstrate how a new method to measure the mass and radius of neutron stars emerges from a unique maximum frequency as a function of luminosity, mass, radius, and oscillation mode while also investigating if the radial oscillations of levitating atmospheres could provide a possible explanation for the observed frequencies of burst oscillations during their decay phases.
LEVITATING ATMOSPHERES: HYDROSTATIC EQUILIBRIUM AND RADIAL OSCILLATIONS
In this section, we present the full general relativistic calculations for radial perturbations of optically thin levitating atmosphere. We adopt the natural system of units in which G = 1 = c. We assume a static spherically symmetric spacetime for the background solution, thereby the line element for a Schwarzschild metric with signature (-,+,+,+) is given by
where we have introduced
We assume a perfect fluid with stress energy tensor T µν = (ε + p + ρ)u µ u ν + pg µν , where u µ is the four-velocity, ε is the internal energy and ρ, p are rest mass density and pressure of the flow respectively. For the relevant gas temperatures, T < 10 10 K, it is safe to assume that ρ p + ε. We keep this simplifying assumption throughout the work.
We start with the governing equations of fluid dynamics; the continuity equation reads
where ∇ µ is the covariant derivative. The conservation of energy-momentum is given by
where G ν is the radiation four-force density (Mihalas & Mihalas 1984) . For electron-scattering dominant regions, G ν = κρF ν , where κ is the scattering opacity and F ν is the radiation flux. Using the projection tensor h ν µ , this quantity can be determined through the radiation stress-energy tensor, R µν as F ν = h ν λ R µλ u µ . Under an optically thin limit, all components of R µν for an isotropically radiating star were first presented in Abramowicz et al. (1990) and we adopt the same here. The relevant components of the radiation 
stress-energy tensor are
where r * is the radius of the star. α is the viewing angle which is the maximum angle up to which an observer at radius r can see the photons from the stellar surface. For simplicity, we assumed that stellar radius is beyond the photon orbit, which gives 1
The dependence of α on r 0 is shown in Figure. 1 for a range of different stellar radii. The radial component of the relativistic Euler equation for an optically thin gas subject to the radiation field becomes
For an accreting and rotating magnetic neutron star, a rotating, radiating and levitating belt in the boundary layer is shown to form due to the balance of gravitation, centrifugal and radiation forces; as the accretion rate approaches the near-Eddington luminosities, this belt extends from the equatorial plane up to the pole, allowing the entire surface of the neutron star to radiate (Inogamov & Sunyaev 1999) . Thus the spherically symmetric envelope may be a sufficiently accurate approximation even for a rotating, magnetic neutron star accreting through a disk.
Geometrically thin background solution
Initially, the atmosphere is in hydrostatic equilibrium with a normalized four-velocity given by (B −1/2 , 0, 0, 0). Follow-1 Refer to (Abramowicz et al. 1990 ) for details.
ing equation (10), the hydrostatic equilibrium condition for a spherically symmetric and optically thin levitating atmosphere around a uniformly radiating star is (Wielgus et al. 2015 )
Note that the location of the pressure maximum from the above equation corresponds to the location of the ECS, r 0 , which is given by,
Analytical solutions of an optically thin polytropic atmosphere show that the density and pressure have Gaussianlike profiles (Wielgus et al. 2015) with the maximum located at r 0 . Here we intend to find a geometrically thin approximation to such solutions usable for the calculation of normal modes. The procedure is quite similar to the one employed in the task of finding normal modes of oscillating tori, see, e.g., Blaes et al. (2006) . The main difference is that in the currently considered case the radiation force, rather than the centrifugal force, balances gravity in the background solution. The simplification is that the current problem has a spherical symmetry, hence we obtain ordinary (and not partial) differential equations. Denoting E = −u t , we define an effective potential U eff such that
Using equation (11) and integrating we find
Casting the equation of hydrostatic equilibrium as
allows us to express the right hand side of the equation as a gradient of a scalar function, ψ. Quantities with subscript 0 are defined at the ECS. For a polytropic fluid with an adiabatic index, n, p ∝ ρ (1+1/n) , we may integrate equation (15) to find the Bernoulli equation in the following form
After evaluating the constant at the ECS and some reordering, this integral condition can be cast as
So far we did not explicitly assume that the background solution should be geometrically thin. We make this simplification now, by approximating the rhs of equation (17) with the second order Taylor expansion around r 0 , noticing that
The approximation holds for the atmospheres that are sufficiently geometrically thin to neglect the gradient of the potential, i.e., the radial variation of spacetime curvature and the radiation field. Hence, it is acceptable for atmospheres with thickness much less than r 0 . The following approximate formula is obtained,
This result can be cast in a more compact form using the following substitutions
ω r corresponds to the fundamental angular frequency given by equation (1), parameter β controls the geometric thickness of the atmosphere, x and η correspond to a convenient scaling of the radial coordinate. Finally, equation (19) may be rewritten simply as
Perturbations of the geometrically thin solution
We assume coherent, spherically symmetric perturbations of physical variable X in the form of
and linearly perturb the relevant hydrodynamic equations. The first thing to notice is that δ u t = 0 is necessary to fulfil the perturbed four-velocity norm, as u r = 0 in
The linearly perturbed version of the continuity equation takes the following form
The perturbed radial Euler equation yields
where δ D = κ u 2 t R tt + u r R rr δ u r , relates to the radiation drag acting against the radial motion of the particle and can be rewritten as,
cf. equations (6) - (10), and χ is defined as χ = 2 3
χ has a radial dependence through the cosine and sine functions of the viewing angle, however, in the geometrically thin limit, r ∼ r 0 and hence χ is constant for given stellar parameters and stellar luminosity. Following Ipser & Lindblom (1992) and Abramowicz et al. (2006) , we define a new variable,
Following equation (28), and the above definition, we proceed further and neglect terms of order of r −2 and smaller to write
Substituting W in equation (27) and combining with equation (32) gives a single second order ordinary differential equation. In the geometrically thin atmosphere limit (β → 0) this equation simplifies to
where
with ω r given by equation (20). It is easier to solve the above equation by considering the real (ω R ) and imaginary (ω I ) parts of ω separately,
In particular, it is possible that ω is purely real, i.e., ω I = 0 or purely imaginary, i.e., ω R = 0. We shall briefly present the results of these two cases in the next section when we explicitly discuss the undamped oscillations and overdamped oscillations. Nevertheless, we continue by assuming that ω R and ω I are non-zero real numbers. Substituting complex ω into equation (33) results in a differential equation with real and imaginary parts that are separable and can be solved simultaneously. The real part is an eigenvalue problem in the form of a Gegenbauer differential equation,
while the imaginary part yields
Equation (36) can be solved with a proper boundary condition of pressure vanishing on the atmosphere boundary. The corresponding eigenmodes are represented by the Gegenbauer polynomials C α k (η) with α = n − 1 2 and k = 0, 1, 2, 3, ... which can be calculated with a recursive formula (Koornwinder et al. 2010 )
They form a complete set of modes, that is, any spherically symmetric oscillation of the levitating atmospheres is necessarily a combination of the eigenmodes described by the equation (38). For example, the eigenfunctions of the second mode (k = 2) and the third mode (k = 3), take the form
spectively. 2 The above imply a non-vanishing eigenfunction W and also ω R = 0, so equation (37) simply gives the damping coefficient
Using this, the corresponding eigenfrequencies of the oscillations are computed from the Gegenbauer relation,
Note that, we assumed ω R is real (see equation [35] ) and hence the above solutions are physically valid only when ω 2 r σ 2 k is greater than ω 2 I . We treat the overdamped solutions (i.e., ω 2 r σ 2 k < ω 2 I ) separately in section 3.2. In the following section, we shall analyze the atmospheric oscillations for both the scenarios -with and without radiation drag, based on the above derived results and discuss their relevant astrophysical applications.
DISCUSSION

Undamped oscillations
Let us now consider the case where ω is purely real, i.e., ω = ω R ≡ ω k and ω I = 0 implying that the radiation drag has been neglected. Equation (36), is thus simplified to a Gegenbauer equation,
The corresponding solutions represent the undamped oscillations with the relativistic eigenfrequencies given by 3
as defined in equation (40). The relativistic frequencies differ from the Newtonian ones (Bollimpalli & Kluźniak 2017 ) by a redshift related factor of λ 2 , while the relativistic eigenmodes are similar to the Newtonian eigenmodes. Nevertheless σ k , the ratio of normal mode frequencies to the fundamental mode frequency, remains the same for both the relativistic and non-relativistic cases. The ratio of frequencies of the second ("breathing") mode and the fundamental mode is σ 2 = 2 + 1/n.
For comparison with observations, we plot the frequencies (ν = ω k /2π) of the first ten modes of undamped oscillations (left to right) for different Eddington parameter/ atmosphere location in Figure 2 . Most of the frequencies of these oscillations fall in the range of 300-600 Hz, typical for observed frequencies of X-ray burst oscillations. Since the mass and stellar radius have to be assumed a priori to compute these frequencies, we took, r * = 5 M and M = 1.4 M . For a different mass, M, the frequency at a given r 0 and a given mode can be obtained with the scaling factor M/1.4M shown on the left vertical axis. Frequencies computed for 2.1M are shown with similar scaling on the right vertical axis. For a given λ or r 0 , higher number modes have larger frequencies. The further the atmosphere is located from the stellar radius, the lower the frequencies get as the magnitude of the restoring forces decreases with the radius.
Damped oscillations
Although the undamped solutions provide a basic idea of the atmospheric oscillations, it is necessary to consider the damping effects of the ever-present radiation drag in such radiation-supported atmospheres. The nature of the damped oscillations is determined by the magnitude of the damping coefficient (ω I ) in comparison to the undamped angular frequency (ω k ). If ω 2 k > ω 2 I , the oscillations are underdamped. In such a case, the angular frequencies of the oscillations are given by equation (40) in which angular frequency of each mode is reduced by the damping coefficient. On the other hand, if ω 2 k = ω 2 I , we have critically damped oscillations and for ω 2 k < ω 2 I , oscillations are overdamped. This corresponds to the situation where ω is purely imaginary, i.e., ω = iω OD for which solutions given by equations (38) and (40) are not applicable. Following equation (33), we find
In the present scenario of levitating atmospheres, the damping effect decreases with the atmosphere located farther from the stellar surface. This is shown from a profile of the damping rate, ω I /2π, plotted as red dashed line in Figure 2 . The first mode is clearly overdamped. As the damping coefficient is the same for all the modes (see equation 39), the second and higher order modes are underdamped. Figure 3 presents the frequencies (ω R /2π) of the initial few lowest modes of the underdamped oscillations in an increasing order of mode number from left to right. One may immediately notice from the figure that the frequencies of the modes have now decreased slightly due to damping. For the fundamental mode, we plot the magnitude of ω OD , i.e.,|ω OD |/2π, shown by the thin dashed line in the plot. The overdamped solutions are not of much astrophysical interest, so in further discussions we shall only consider the second and higher modes, as they allow for oscillations over the reasonable parameter space.
Observed oscillations in the X-ray bursts occur mainly during the rise and decay phase of the outburst (Muno et al. 2001) . Interestingly, even with the damping, the observed range of 300-600 Hz still falls within the frequency range of these mode oscillations. Oscillations during the outburst's decay phase are found to have increasing frequency with time (Strohmayer & Bildsten 2006) . Equation (40) or (42) show that the frequencies increase with decreasing luminosity, which is in accord with the observed oscillations, since luminosity is decreasing during the decay phase of the outbursts. However, the magnitude of the decrease exceeds the observed changes.
In the following section, we present the method of simultaneous mass and radius measurements from the frequency maximum of the damped oscillations.
MASS AND RADIUS FROM THE FREQUENCY MAXIMUM
While the frequency of the oscillations does decrease with luminosity for all the undamped modes, and convincingly appears to do the same for the underdamped modes, a distinctive feature to be noted in Figure 3 is the maximum in the frequencies of underdamped oscillations close to the stellar surface. We mark the radius at which the atmosphere can oscillate with maximum frequency as r max . The maximum for the second mode is clearly pronounced. For higher modes, since r max is quite close to the stellar radius, it would be difficult to observe the decrease of frequency to the left of the maximum as the luminosity decreases. The reason for the frequency maximum can be identified as due to the steeper radial dependence of ω I , when compared to the 1/r 2 0 dependence of ω r which is mostly attributed to a decrease in viewing angle (as shown in Figure 1 for different stellar radii). It is worth checking whether these frequency maxima are characteristic to the damped oscillations of levitating atmospheres. For a particular mode, this maximum of the frequency depends on two parameters (r * , M). In Figure 4 , we plot the frequencies of the second mode for 1.4 M and 2.1 M stellar mass and various stellar radii. The following can be noted from the figure: a) For a given stellar mass, the frequency maximum decreases with increasing r * /M. Similarly, for a given r * /M, the frequency maximum is inversely proportional to the stellar mass. b) Irrespective of the values of r * /M and M, r max is always located close to the stellar surface. c) There is a degeneracy in the frequency maximum value which occurs for different combinations of r * /M, r max /M and M. For example, a 1.4 M star with 5.945 M radius has a frequency maximum of 700 Hz located at 6.1 M. The same frequency maximum value occurs at 4.95 M for a 2.1 M star with 4.835 M radius. These frequencies are plotted in green dash-dot lines. As we shall discuss below, the stellar luminosity breaks this degeneracy and allows us to obtain the stellar parameters unique to the corresponding frequency maximum. d) However, for a given r * /M, the frequency maximum occurs at the same radius, independent of the stellar mass. This follows immediately from equation (40), in which both ω r and χ have the same 1/M dependence, for a fixed r * /M and r 0 /M. So, the condition for the maximum, i.e., the first derivative of the frequency set to zero, gives a relation just between the radii r * /M and r max . Figure 5 shows for the first few underdamped modes, the distance between the location of the atmosphere that corresponds to the maximum frequency and the stellar surface. Lower modes are comparatively farther away from the stellar surface, while the distance also increases with the stellar radius.
For any single mode exhibiting a frequency maximum, we can now find the values of the corresponding radii, r * /M and r max /M, given that we know one of these quantities. We require one last relation to close the system of equations that enable us to solve for the two parameters (r * , M). Equation (12) fulfills this requirement by providing a relation between M and r max through λ or stellar luminosity. To derive the stellar parameters, the set of nonlinear relations are solved numerically using the following protocol: i) For the assumed mode number (say k = 2 or k = 3), we set the first derivative of frequency to zero to derive r * /M as a function of r max /M. ii) With the direct dependence on λ , r max /M is then replaced with the mass and luminosity of the star, assuming the Eddington limit for ionized hydrogen. An atmosphere with a different composition would have a different Eddington limit and the x-axis of the plots in Figure 6a and 6b would then vary accordingly.
iii) The final equation for the frequency maximum is thus solely a function of mass and luminosity, so that given any two quantities, the other can be estimated. Thus, given that we know the frequency maximum and luminosity, we can determine the mass of the star. iv) Knowing the mass, and the already known luminosity yields λ , from which we can determine r max /M, and therefore the stellar radius, r * . In other words, given the frequency maximum value and the corresponding luminosity, we can determine the mass and radius of the neutron star. We admit a source of ambiguity in the measurements of radius and mass due to the mode number. The mode number is a discrete parameter, and so assuming different mode numbers introduces large discrete changes in the measured mass and radius. We believe it would be possible to assume the mode number by comparing the measured mass and radius to what is feasible given reasonable mass-radius ranges from the equation of state, the observed frequency ranges, and other more uncertain measures of the mass or radius.
In Figure 6a and 6b, we show contours of stellar mass and radius for a given range of luminosity and frequency computed as described above for the second and third mode respectively. The horizontal coloured contours are for stellar radius (in km) in increasing steps of 0.5 from top to bottom. The vertical black contours represent mass in range of 1.4 M to 2.1 M in increasing steps of 0.05 from left to right. For example, if we have the frequency observed around 600 Hz and the corresponding luminosity of the star observed at this frequency is around 1.9×10 38 ergs s −1 , then assuming that the frequency corresponds to the second mode, the determined stellar radius is 14.5 km and mass is 1.65 M . If we assume third mode, then the determined stellar radius increases to 18.5 km and the determined mass decreases to 1.6 M .
Further discussion
Apart from the oscillations and their relevance to the observed frequencies, the levitating atmosphere has its own astrophysical implication. A study by Rogers (2017) suggests that such levitating atmospheres can deflect the light rays coming from the central compact source and this can significantly affect the appearance of the central object in the observations. Moreover, similar atmospheres are found in the corona of accretion disks described as photon floaters, formed at the critical height where the radiation force from the disk is balanced by the gravitational force of the central object (Fukue 1996) . It would be interesting to see if similar oscillations persist in the corona. Under the plane-parallel approximation, the nature of these atmospheric oscillations may remain the same as for the spherically symmetric geometry presented here, while the frequencies of such oscillations could be different. Although the fundamental mode is critically damped due to radiation drag, the higher oscillatory modes of optically thin atmospheres may be detected by future X-ray missions. We have shown that with the knowledge of the frequency and the corresponding near-Eddington luminosity from the X-ray observations, the mass and radius of the neutron star can be derived. It would be interesting to check the applicability of this method with the currently available X-ray data, to compare with the already available estimates of the neutron star mass and radius. Oscillation frequencies within 300 -600 Hz are detected during the Type I X-ray bursts, for which our model constrains the neutron star radius to be within 13 -19 km and 16 -20 km for a 1.4 M and 2.1 M respectively. However, the X-ray bursts' atmospheres are optically thick and throughout this work we have assumed an optically thin fluid. If enough matter is captured at r 0 , the atmosphere becomes optically thick. The construction of such atmospheres was given by Wielgus et al. (2016) and the procedure uses involved numerical methods. So an analytical analysis of the oscillation modes in such a case is non-viable. However, they are of astrophysical interest and could possible be subject to less radiation drag since radiation transport inside the optically thick atmosphere is due to diffusion.
CONCLUSION
Neutron stars with super-Eddington luminosity have a strong radiation field close to the stellar surface that dominates over gravity. The strong radiation force pushes the surrounding matter away from the stellar surface to a certain critical radius r 0 , beyond which gravity prevails, thereby forming an atmospheric shell at r 0 that levitates above the stellar surface. These levitating atmospheres are thus supported by the strong radiation flux from the stellar surface. The same flux is a source of strong radiation drag which eventually damps any oscillations of the atmosphere. In this paper, we analytically study in general relativity the oscillations of such levitating atmospheres that are optically and geometrically thin, including the radiative terms. Radiation drag certainly induces damping of oscillations and we find that the damping coefficient is independent of the mode number. Radiation drag prevents oscillations only for the first mode while higher modes are underdamped. The frequency range observed for the burst oscillations in the decay phase of the X-ray bursts is 300-600 Hz, which lies within the obtained frequencies of the damped oscillations. The frequency of these oscillations increasing with decreasing luminosity is in qualitative agreement with the observations for the oscillations in decay phase of the X-ray burst where luminosity decreases with time.
The frequency exhibits a characteristic maximum which is more pronounced for the lower order modes. Noting that the frequency of these oscillations is only dependent on the stellar luminosity, mass and radius, we compute the mass and radius as a function of the maximum frequency, the luminosity, and the mode number. This model thus establishes a new way to determine the mass and radius of the neutron star independently, given only two observable quantities (luminosity and frequency).
